Analysis of hmw DNA by electron microscopy displayed linear DNA molecules up to 100 kb in size, which were either single-stranded, double-stranded or double-stranded with single-stranded ends. Structural features of hmw DNA molecules were mapped by means of heteroduplex studies using defined strandspecific probes. The results suggest that a recombination intermediate, but not plasmid-encoded replication, is involved in the initiation of hmw DNA synthesis.
INTRODUCTION
Early genetic experiments already suggested a tight interrelation between the three basic processes of DNA metabolism, replication, recombination and repair (I, 2). The involvement of recombination functions was later demonstrated for several DNA replication systems (3) (4) (5) . All these systems, however, involve complex genomes which renders the analysis difficult. Recently, linear multimeric plasmid DNA forms were observed in Escherichia coli (6) and Bacillus subtilis (7) which apparently require recombination and repair functions for their synthesis. This DNA form was characterized as consisting of linear headto-tail plasmid multimers and was termed 'hmw DNA' due to its high molecular weight in comparison to normal plasmid DNA forms. Increased amounts of hmw DNA were observed when the exonuclease V (ExoV) was inactivated (6, 7) . This enzyme is also termed AddABC (B. subtilis) and RecBCD (£. coli). Hmw DNA has been found with all plasmid replicons tested so far, i.e. with plasmids replicating via a theta (Cairns) mode as well as sigma (also sometimes termed rolling circle) mode (7, 8: Alonso and Stiege, unpublished). The synthesis of hmw DNA, therefore, seems to reflect a general feature of bacterial cells rather than a replicon specific one. In B. subtilis accumulation of hmw DNA was also detected in ExoV-proficient cells (7, 9, 10) . So far it is not known how the replication of circular molecules can be shifted to the synthesis of linear multigenomiclength DNA molecules (rolling circle replication), as has been observed for example with late phage X replication. The analysis of hmw DNA may provide information on the synthesis of linear DNA in bacteria and on the cellular interplay of replication, repair and recombination functions.
The plasmids used in this study were based on the replicon of pUBl 10, which belongs to a group of small high-copy-number plasmids found in Gram + bacteria (11) . These plasmids replicate via a sigma mechanism similar to that of single-stranded enterobacteriaceae phages (12) . As in the phage system, plasmid replication proceeds via a single-stranded circular intermediate termed plus-or leading-strand, which then serves as a template for the minus-or lagging-strand synthesis (13) . In this case, mainly circular unit-length plasmid molecules are generated (sigma replication).
In this communication we present a simple approach for the isolation of hmw DNA molecules and their subsequent characterization by electron microscopy. The initiation of hmw DNA synthesis was characterized by testing the involvement of the plasmid-encoded initiation protein as well as host-encoded DNA replication, recombination and repair functions.
MATERIALS AND METHODS
Bacterial strains, plasmids, phages and media B. subtilis strains used were: YB886 (trpC2 metB5 amyE xin-\ artSP/3 sigB) and its isogenic derivatives BG190 (recE6), BG189 (addA5 addWll), BG213 (recE6 addA5 addBll) (14) , BG193 (dwB37ts) (9) , BG199 (dnaF33ts), BG200 (a!rwN5ts) and BG201 (dnaXSlts) (15) . Furthermore we used YB965 (metBS hisB leu AS xin-l attSPPpolA5) (16) and its isogenic derivative BG219 {recE6 polA5) (14) . A rec + derivative (BG83) of PSL1 (recEA leu AS arg-\5 thrAS attSPb hsmM hsrM stp\)(\T) was constructed (this report).
Plasmid pEBl 11 and pEBl 14 are shuttle vectors derived from pUBHO (18) . Plasmid pEB114co/?l is a low-copy-number derivative of pEB114 (19) .
The hybridization probes were derived from phage Ml3. A 1047 bp DNA fragment (coordinates 2467 to 3514 in pEB114) was cloned into the multicloning site of M13mpl8/19 (20) so that the ssDNA form contains either the plus-or the minus-strand of pEB114 (M13p and M13m, respectively).
Cells were grown in TY medium (21) supplemented with 5 /tg/ml neomycin. The recE gene in strains BG190, BG213 and BG219 was disrupted by insertion of a chloramphenicol acetyltransferase gene. Such strains were grown in TY medium containing 5 /ig/ml chloramphenicol (see 14) .
Preparation of hmw DNA B. subtilis strain BG83 containing plasmid pEB114 was grown up to an ODj^ of about 0.8. The cells were washed and resuspended in 1/100 of the original volume of lysis buffer A (50 mM glucose, 10 mM EDTA, 25 mM Tris-HCl pH 8) at 37°C.
LGT agarose (BioRad, Richmond) was added to a final concentration of 0.8% and a cell density of about 10'°. Solidified agarose blocks were incubated for 2 h at 37 °C in lysis buffer A containing 0.5 mg/ml lysozyme, 0.1 mg/ml RNase A and subsequently for 20 h in lysis buffer B (1 % SDS, 0.2 M EDTA and 3 mg/ml proteinase K). The agarose blocks were then dialysed and stored in TE buffer (5 mM Tris-HCl pH 8 and 10 mM EDTA). These blocks were incorporated into normal 0.8% agarose gels, and the different DNA forms were separated by electrophoresis at 4°C for 20-30 h at 4 volts/cm. Bands containing hmw DNA were excised and DNA was prepared according to (22) with modifications. The agarose gel was dissolved by Nal, DNA was bound to glassmUk (BiolOl, La Jolla) and directly eluted in TE buffer.
RESULTS

Initiation
of hmw DNA synthesis is independent of a rate limiting effector DNA replication is usually regulated at the level of initiation by a rate-limiting factor. Accordingly, sigma replication of pUBl 10 and its derivatives used in this study is regulated via the plasmid encoded replication initiation protein (RepU). Inhibition of cellular transcription or translation [by rifampicin (Rf) and chloramphenicol (Cm), respectively] leads to a rapid shut down of the synthesis of covalently closed circular (form I) DNA (15) . Furthermore, initiation of pUBl 10 replication requires negatively supercoiled DNA, since it is sensitive to DNA gyrase inhibition by novobiocin (Nv) (24) .
To further elucidate how hmw DNA synthesis is initiated, we tested the effect of these antibiotics. For this purpose, we determined the relative amount of form I and hmw DNA after addition of Rf, Cm and Nv. Total DNA from cells containing plasmid pEB114copl was prepared at different times after addition of antibiotics. DNA forms were separated by gel electrophoresis, and plasmid specific DNA forms were highlighted by Southern hybridization and quantified.
In the absence of antibiotics, form I and hmw DNA increased about 4-fold within 120 min (Fig. 1 ). After inhibiting transcription or translation, the relative amount of form I DNA increased about 1.3-fold within the first 10 min and then levelled off. In the same experiment chromosomal DNA increased at most 2-fold during 120 min (data not shown). Hmw DNA synthesis, however, still continued in the presence of Cm or Rf and increased during 120 min 1.7-fold and 2.5-fold, respectively. The addition of Nv caused an immediate stop of form I, hmw ( Fig. 1) and chromosomal DNA synthesis (data not shown), indicating the requirement of DNA gyrase for all three types of replicative molecules. Unlike the DNA synthesis of form I plasmid DNA Electron microscopy of hmw DNA Heteroduplex molecules of the hmw DNA with M13p or Ml 3m were formed without denaturation by incubation overnight at 37°C in 50% formamide, 100 mM phosphate buffer, pH 7.0, 200 mM Na-perchlorate. Hmw DNA and heteroduplex molecules were spread with carbonate buffer on a water hypophase as previously described (23) . The size of the hmw DNA molecules was determined by comparison with the lengths of internal standards (M13p or M13m for ssDNA and pEB114 for dsDNA).
Preparation of total DNA, Southern hybridization and relative quantification of DNA forms
Total DNA was prepared as previously described (7). DNA forms were separated in an 0.8% agarose gel and transferred to a nylon membrane (GeneScreen, Dupont). The transfer and subsequent hybridization at 60°C were carried out according to the supplier's recommendation. As hybridization probe we used 32 P-labelled pUBHO DNA, which was prepared with a nick-translation kit (Boehringer, Mannheim). For relative quantification of the plasmid DNA forms the corresponding signals in autoradiographs were scanned in two dimensions with a laser densitometer (LKB Ultroscan XL). Data were analysed with the LKB GelScan XL. Chromosomal DNA was quantified by scanning photographic negatives from ethidium bromide stained agarose gels. Measurements were carried out at a range of exposition times with linear increasing signal intensities. Antibiotics were used at the following final concentrations: rifampicin (10 /tg/ml, A), chJoramphenicol (100/ig/ml, •) and novobiocin (10 /tg/ml, •). Antibiotics were added in the early logarithmic growth phase (time zero) and samples were taken at indicated times. As a control, cells were grown without antibiotic added (V). These experiments were performed with B. subtilis strain YB886 containing plasmid pEB114copl.
(see 15) , the synthesis of hmw DNA is not controlled by a ratelimiting factor. This is consistent with the fact that hmw DNA synthesis occurs in the absence of active plasmid-encoded Rep protein (7, 8) . Furthermore, the partial resistance to Rf also indicates that RNA polymerase is not involved in priming hmw DNA synthesis.
Involvement of recombination proteins in hmw DNA synthesis
Previous analyses revealed that a high amount of hmw DNA accumulates in a B. subtilis strain (addA) deficient in the exodeoxyribonuclease V (ExoV) enzyme (7), whereas in the recEA and polA5 strains such accumulation is markedly reduced when compared to a wild-type strain (9) . The recE and polA genes are the B. subtilis counterparts of the E. coli recA and polA genes, respectively. The reduced amount of hmw DNA in recE strains may either indicate an involvement of RecE in hmw DNA synthesis as proposed by (9) or may simply be due to an elevated rate of DNA degradation by the ExoV enzyme in a recE genetic background. The latter interpretation would be supported by the observation that in E. coli the RecA protein protects singlestranded DNA or gapped duplex DNA from degradation by the ExoV enzyme (25) . To elucidate the role of RecE in hmw DNA metabolism we used a recE null mutation {recEJb) in combination with an ExoV double mutation {addAS addB72) or the polAS mutation, and compared the amount of hmw DNA in these strains. Equal amounts of total DNA from these strains containing plasmid pEB 111 were separated by agarose gel electrophoresis and plasmid-specific DNA forms were highlighted by Southern hybridization (Fig. 2) . In all six strains similar amounts of form I DNA were detected. This indicates that the addAS addRH, polAS and recE6 mutations have no effect on formation or degradation of form I DNA (see 9). The comparison of wildtype and recE6 mutant strains (Fig. 2, lane 1 and 3, respectively) shows that in the absence of recE activity the amount of hmw DNA was reduced at least 100-fold. A precise measurement was not possible since the observed difference exceeds the range of linearity. Furthermore the leaky polAS mutation (26) causes a 7-fold reduction in hmw DNA (Fig. 2, lane 4) . In the polAS recEJo double mutant strain no hmw DNA could be detected, even after longer exposition times (Fig. 2, lane 4) . The inactivation of ExoV (addA5 addKll; Fig.2, Iane2 ) caused at most a twofold increase in the amount of hmw DNA in comparison to the wildtype strain. This indicates that most of the hmw DNA is a poor substrate for the major cellular exonuclease (ExoV). Moreover the inactivation of ExoV enzyme by the addAS addRll mutations in a recE6 genetic background did not have a significant effect on the accumulation of hmw DNA (Fig. 2, lane 3 and 5) .
The more than 100-fold reduced amount of hmw DNA in recE6 strains, which is also observed upon inactivation of the major cellular exonuclease (recE6 addAS addRll) argues against simply an elevated degradation rate of hmw DNA in recE strains (reckless phenotype). Hence we favour the first model, in which hmw DNA synthesis is initiated by a recombination intermediate. In this respect hmw DNA synthesis is similar to T4 recombination-dependent (secondary) replication, which is also resistant to Rf (3).
Involvement of host DNA replication functions in hmw DNA synthesis and sigma plasmid replication
To differentiate further between form I and hmw DNA synthesis and to define their specific requirements, we searched for host functions required for one but not the other replication mode. The genetic approach to identify host encoded proteins involved in hmw DNA synthesis in B. subtilis is, however, limited to a few characterized mutations. The inactivation of different subunits of DNA polymerase III (PolETT) in dna¥, dnaN and dnaX strains blocked form I, chromosomal (15) and hmw DNA synthesis (data not shown). Hence, hmw DNA synthesis is performed by PolIII. Furthermore, the role of the host DnaB protein was investigated. Mutations in the dnaB gene have been characterized as an initiation mutation of chromosomal DNA replication (see (27) and references therein). Sigma replication of pUBHO-derived plasmids does not require DnaB (9) . The involvement of DnaB in hmw DNA synthesis was tested by using strain BG193 carrying the dnaS31 mutation, which encodes a thermosensitive DnaB protein. A shift up to non-permissive temperature (47 °C) inactivates the DnaB protein and consequently DnaB-dependent DNA synthesis ceases. The effect of DnaB inactivation on the synthesis of chromosomal, form I and hmw DNA is shown in Fig. 3 . As expected for an initiation mutation, the amount of chromosomal DNA increases after inactivation of DnaB about 1.4-fold and then levels off.
Isolation and electron microscopy of hmw DNA molecules
Hmw DNA molecules were isolated and analysed by electron microscopy to investigate the structure of this DNA form. In order to avoid shearing of DNA, plasmid-containing cells were embedded in LGT agarose prior to cell lysis. With this method the chromosomal DNA remained intact and could be separated from hmw DNA by normal gel electrophoresis (Fig. 4, lane 2) . The chromosomal DNA did not enter the gel. The major DNA band obtained had a slower electrophoretic mobility than SPP1 phage DNA (45 kb; see Fig. 4, lanes 1 and 2) . This band was 5 kb excised as indicated by a dotted line in Fig. 4 and the DNA was extracted. Digestion products of this material were indistinguishable in size from those of purified form I plasmid DNA (Fig.4, lanes 5 to 8) , confirming that indeed hmw DNA and not chromosomal DNA had been isolated.
The size and structure of 316 hmw DNA molecules were determined by electron microscopy and statistically analysed. As previously predicted (7) three types of linear DNA molecules with a length of up to 100 kb were observed with about similar frequency: single-stranded (ss), double-stranded (ds) and dsDNA molecules with ssDNA ends. The latter molecules were analysed in more detail and two of them are shown in Fig. 5 . The singlestranded tails extend up to 35 kb with a mean length of about 10 kb and the double-stranded part extends up to 90 kb. The average total length of these molecules was about 41 kb. Nine out of these 316 molecules had ssDNA regions at both ends and one had an internal ssDNA region. We failed to detect branched or circular molecules. Altogether the length distribution was random with no bias for multiples of plasmid unit-length. From the analysis of these 316 hmw DNA molecules the portion of ssDNA was estimated to be on average in the range of 20 to 30%.
Physical characterization of hmw DNA molecules by heteroduplex studies
The structural features of hmw DNA molecules observed by electron microscopy (Fig. 5 ) cannot be correlated directly with specific plasmid DNA sequences. We therefore used strandspecific probes to tag hmw DNA molecules. This technique allows us to discriminate which of the DNA strands is present in the single-stranded region and to map structural features. As probes we used derivatives of bacteriophages M13mpl8 and M13mpl9, which contain in their single-stranded form a fragment of either pEB114 plus-or minus-strand (M13p and M13m, respectively). These probes were separately hybridized with hmw DNA molecules under non-denaturing conditions. Hybridization at the ssDNA end of hmw DNA molecules was observed with both strand-specific probes. Altogether 37 hybrids with M13p and 25 hybrids with Ml3m were identified and analysed. One example of each experiment together with a schematic representation, is shown in Fig. 6 . These data show that no strand selectivity occurs in hmw DNA synthesis, whereas sigma plasmid replication specifically proceeds via a circular plus-strand intermediate (28) . Since it is known that the hybridizing fragment in the DNA probes extends from position 2467 to 3514 in pEBl 14 (see Fig. 6 ), it is possible to correlate structural features in the hmw DNA molecules with the DNA sequence of plasmid pEB114. The analysis of the above 52 heteroduplices revealed no significant correlation between the ssDNA end points of the hmw DNA molecules and DNA sequences in plasmid pEBl 14. Also the transition points between ss-and dsDNA were randomly distributed in pEB114. The location of the dsDNA end points of hmw DNA molecules, which hybridize with M13m and which therefore have a plus-strand specific end, is shown in Fig. 7A . The maximum of this distribution curve lies in the region between positions 1000 and 2000 in pEBl 14. The corresponding results obtained from hmw DNA molecules, which hybridize with M13p and have a minus-strand specific end, are shown in Fig. 7B . The two highest values were found in regions (positions 1 to 1000 and 2000 to 3000) which contain the two origins for plasmid replication (oriU and oriL, see Fig. 7Q . Only one of these origins (oriL) would be in an active orientation, and hmw DNA synthesis is independent of sigma plasmid replication. We therefore assume that this preference might be due to a particular DNA structure in this region (hot spot), which renders it more susceptible to single-or double-strand breaks. A similar preference for the origin region was observed under certain conditions for X rollingcircle replication (29) . For both types of hmw DNA molecules, however, values over the average were also found within a nonorigin region, (Fig. 7A and 7B , positions 8000 to 9000). Fig. 7 . Location of starting points for hmw DNA synthesis in pEBl 14. Doublestranded endpoints (i.e. putative starting points) of 52 hmw DNA molecules were mapped as outlined in Fig. 6 . The respective region in pEBl 14 is indicated in lOOObp intervals on the abscissa and the number of hmw DNA molecules with a douWe-stranded endpoint mapping in a given interval is indicated on the ordmate. Hmw DNA molecules having a plus-strand specific single-stranded end (A) and those having a minus-strand specific end (B) were separately analysed. A physical map of pEBl 14 with the location of the pUBI 10 derived part (hatched box) and the origin and direction of leading-and lagging-strand syntheses is outlined below (Q.
DISCUSSION
This communication describes the synthesis and structure of hmw plasmid DNA in B. subtilis. Electron microscopy of isolated hmw DNA displayed linear DNA molecules up to 100 kb in size, which were either ss, ds or ds with a ssDNA end. In E. coli linear hmw DNA molecules with ssDNA tails and in addition single-branched molecules were also observed (30) . The presence of such molecules in B. subtilis cannot be ruled out, since they might have escaped our isolation procedure (see Material and Methods). Restriction analysis of isolated hmw DNA confirmed the headto-tail multimeric structure of this material. Altogether, these data on the structure of hmw DNA molecules are in agreement with predictions derived from enzymatic degradation studies (6, 1, 31) . The accumulation of hmw DNA even in ExoV-proficient cells could be explained by the fact that the ExoV enzyme poorly binds to long ssDNA tails (32) .
Heteroduplex studies with strand-specific probes confirmed that the ssDNA ends of hmw DNA molecules can be of either plasmid-strand (7; this report). This means that no strandselectivity occurs in hmw DNA synthesis. By contrast, sigma plasmid replication specifically proceeds via a plus-strand specific intermediate (28) . In addition, these heteroduplex studies allow structural features of hmw DNA molecules to be determined and mapped ( Fig. 6 und 7) . The ssDNA end points of hmw DNA molecules were found to be randomly distributed in the pEBl 14 genome, which indicates that hmw DNA molecules might be released by random disruption. Furthermore, the transition points from ss-to dsDNA showed a random distribution, which might be due to the existence of several unresolved points at which priming of complementary strand synthesis can occur.
The dsDNA end points most likely represent putative starting points of hmw DNA synthesis. This starting point would be the 5'-end of the discontinuous strand, which is extended at its 3'-end. The starting points of hmw molecules were distributed all over the plasmid (Fig. 7) , which is consistent with the hypothesis that hmw DNA synthesis starts from random nicks (7) .
The synthesis of hmw DNA was found to require DnaB, RecE and DNA polymerase I (Poll), which are not required for sigma plasmid replication (9) . Moreover, unlike sigma plasmid replication, the synthesis of hmw DNA continues after inhibition of cellular transcription and translation with Rf and Cm, respectively. From these data we infer that hmw DNA is synthesized by a mechanism which is distinct and independent of sigma plasmid replication. This conclusion is further supported by the previous observation that hmw DNA synthesis continued after thermal inactivation of the replication initiation protein of the related plasmid pE194 (7, 33) .
In theory, three different mechanisms could account for hmw DNA synthesis: i) rolling circle replication as postulated for phage X (34) (35) (36) , ii) replication via branched structures like phage T4 secondary replication (3), or iii) bubble migration replication (37). The first mode was proposed to be initiated by any strand discontinuity, which then is converted by DNA repair enzymes into a rolling-circle replicative molecule (7, 36) . For this mechanism the requirement of a recombinase and a DNA gyrase function is not obvious. By contrast, in the second and third mode a single-stranded 3'-end invades a homologous dsDNA molecule in a recombinase-mediated process. This 3'-end provides a primer for DNA synthesis, which in the case of circular templates can generate linear multimers. With progressing DNA synthesis the invasive DNA strand is extruded at the 5'-end of the D-loop and therefore represents a conservative mode of DNA replication (see 37). The requirement of a recombinase (RecE) indicates that hmw DNA is mainly generated by the second or third mode. The requirement of DNA gyrase may further support this, because strand invasion is greatly enhanced by negative superhelicity (38) . Branched structures, as observed in secondary T4 replication, were not detected in our electron microscopic studies on hmw DNA. Altogether, these data suggest that hmw DNA is mainly synthesized by a bubble-migration-like mechanism (see 39) .
The hmw DNA synthesis described here parallels in several aspects the synthesis of linear plasmid concatemeres in phage infected cells (phage-mediated plasmid transduction). In that case, however, the host factors required for hmw DNA synthesis are substituted by phage-encoded product(s) (40, 41) . Phage-mediated plasmid transduction also allows two further predictions for a recombination-dependent replication mode to be tested directly. Firstly, if a phage derived 3'-end invades a homologous region on a plasmid molecule, then chimeric molecules should be generated, which were indeed found in phage-infected cells (41, 42) . Secondly, this replication mode should be sensitive to mismatches within the minimal region of homology. In agreement with this prediction, plasmid transduction frequency was found to be reduced by about 30-fold when one or two mismatches were introduced within that region (K.Wilke, A.Bravo and J.C.Alonso, unpublished results).
